ABSTRACT: Seagrass habitats exhibit high structural variability at local (<1 to 10s of m) and landscape (100 to 1000s of m) scales, which is closely linked with physical setting. In this study, we conducted 2 spring and 2 fall field surveys in 1991 and 1992 over a 25 km long portion of Core and Back Sounds, North Carolina, USA, to relate macrofaunal abundance to measures of seagrass landscape structure and associated ecological variables. Independent variables included seagrass bed structure (percent cover and total linear edge), local-scale ecological attributes (shoot density, shoot biomass, percent sediment organic matter) and elements of physical setting (water depth and energy regime as estimated by a relative wave exposure index [REI]). Seagrass beds were composed of eelgrass (Zostera marina: fall/spring-dominant), shoalgrass (Halodule wrightii: summer-dominant), some widgeongrass (Ruppia maritima) and minor amounts of macroalgae. Seagrass coverage ranged from highly patchy (13% cover) dune-like beds to continuous (100% cover) low-relief beds within 18 replicate 50 × 50 m plots. Twelve species (8 decapods and 4 fishes) made up 95% or more of the catch, and densities of nearly all varied significantly between seasons and years. Multiple regression analysis indicated that relationships between faunal densities and environmental variables varied greatly between species and between collection periods. In addition, species-specific correlations between faunal density and environmental variables generally were not consistent among the 4 collection periods. REI and seagrass shoot biomass appeared to have the greatest influence on species' densities, with REI having more influence on densities in 1991 and shoot biomass having more influence on densities in 1992. Seagrass percent cover and total linear edge explained little of the variation in species' densities. Only blue crab Callinectes sapidus density was (positively) correlated with seagrass percent cover in the spring of 1992. In principal components analyses, species groupings were inconsistent between collection periods, though grouping by relative abundance was evident in some collection periods. There was little separation between crustaceans and fishes in principal component space, but sites of high faunal abundance were distinct from sites of low faunal abundance. Sites with consistently high faunal abundance generally were found in western Core and Back Sounds, whereas sites with consistently low faunal abundance were found in eastern Core Sound, suggesting that processes operating at larger than landscape spatial scales (e.g. larval delivery by currents) may influence faunal community patterns in these seagrass landscapes. The influence of a variety of covarying factors on fauna operating over a range of spatial scales highlights fundamental differences in the relationship between landscape structure and animal abundance in seagrass versus terrestrial habitats.
INTRODUCTION
The abundance and distribution of organisms in space and time often are intimately linked to habitat structure at a variety of spatial scales (Bell et al. 1991 , Real & Levin 1991 , Elliot et al. 1998 . The influence of structure on species persistence at the landscape scale is receiving increasing attention as human activities continue to drastically alter the configuration of natural habitats. Generally, the conversion of continuous habitat to small isolated patches (i.e. habitat fragmentation) decreases the reproductive output (Temple & Cary 1988 , Robinson et al. 1995 ; but see Tewksbury et al. 1998) , movement (van Appeldoorn et al. 1992) , survival (Gates & Gysel 1978 , Brittingham & Temple 1983 , Wilcove 1985 , Small & Hunter 1988 , Andrén 1992 , Robinson et al. 1995 and population size (Brittingham & Temple 1983 ) of many species in terrestrial landscapes.
Seagrasses, which harbor dense and diverse faunal assemblages in coastal shallows worldwide (Petersen 1918 , Orth 1992 , often form extensive, continuous meadows in areas of low hydrodynamic activity but can be maintained as small, isolated patches by strong waves and currents (Fonseca & Bell 1998 ) and bottomfeeding and burrowing animals (Townsend & Fonseca 1998, author's pers. obs.) . Seagrasses also are fragmented by propeller scarring and vessel groundings (Sargent et al. 1995) . Therefore, as in fragmented forests, variation in seagrass habitat structure at the landscape scale (100s to 1000s of m) may influence processes (e.g. predation) that shape faunal abundance and structure communities (Robbins & Bell 1994 , Frost et al. 1999 , Hovel & Lipcius 2001 . At the local scale (<1 to 10s of m), elements of seagrass structural complexity such as shoot density, shoot biomass or leaf surface area also have been invoked as important determinants of faunal abundance (see reviews by Orth et al. 1984 , Heck & Crowder 1991 , Orth 1992 . Faunal abundance is enhanced in areas of high shoot density or biomass due to reduced predator foraging efficiency and enhanced living space and food (Heck & Orth 1980 , Orth & van Montfrans 1982 , Bell & Westoby 1986 , Orth 1992 , Perkins-Visser et al. 1996 . Structurally complex seagrass beds also may be actively selected by fauna (Bell & Westoby 1986 , Orth 1992 , Worthington et al. 1992 .
Both local-and landscape-scale habitat structure therefore may shape faunal communities in seagrass habitats. However, the influence of landscape-scale habitat structure on the survival and abundance of organisms in seagrass and other subtidal habitats has received little attention (but see Irlandi 1994 , 1997 , Irlandi et al. 1995 , Frost et al. 1999 , Hovel & Lipcius 2001 , and rarely have the effects of habitat structure on faunal abundance at the local and landscape scale been compared (but see Turner et al. 1999) . The singular effects of local-scale habitat structure, landscape-scale structure and hydrodynamic activity on fauna are difficult to determine because they typically covary; for instance, strong waves may fragment seagrass, and small seagrass patches may be less structurally complex than larger patches (e.g. Irlandi 1997) . Our objective in this study was to compare the influence of landscape-scale habitat structure on seagrass faunal densities to the influence of local-scale structure and hydrodynamic activity by statistically eliminating confounding between variables within each of these categories.
In 1991 and 1992 a large-scale survey of North Carolina seagrass habitat was initiated with the goal of linking seagrass habitat characteristics (e.g. landscape structure and local-scale structural complexity) to physical disturbance across a gradient of hydrodynamic regimes (see Bell et al. 1994 , Murphey & Fonseca 1995 , Fonseca & Bell 1998 , Townsend & Fonseca 1998 . Here, we use data on animal abundance, seagrass landscape structure, local-scale structural complexity and water motion from this survey to answer the following questions: (1) How do seagrass fragmentation, seagrass structural complexity and hydrodynamic regime jointly influence the abundance of common seagrass bed macroepibenthic fauna? (2) Are effects of these variables on faunal abundance similar between seasons (spring and fall) and years (1991 and 1992)? (3) Do different species groups (e.g. decapods versus fishes) respond differently to habitat and hydrodynamic characteristics? (4) How can faunal species and habitats be grouped on the basis of faunal abundance, and are these associations similar between seasons and years?
MATERIALS AND METHODS
This study was conducted in the seagrass meadows of Core and Back sounds, Carteret County, North Carolina, USA (34°40' to 34°50' N, 76°20' to 76°40' W; ca. 25 km linear distance; Fig. 1 ). Seagrass meadows in Core and Back sounds are composed of Zostera marina (eelgrass), Halodule wrightii (shoalgrass) and Ruppia maritima (widgeongrass). Seagrass mapping, current and water depth measurement, seagrass sampling and faunal sampling all were conducted in May and November 1991 and May to June and November 1992. These spring and fall survey periods coincided with peaks in biomass for the 2 dominant seagrass species (Z. marina in May to June and H. wrightii in November).
Selection of study sites, seagrass mapping techniques, and methods for measuring seagrass structural complexity (shoot density and above-ground biomass per m 2 ) and hydrodynamic characteristics (water depth and tidal current speed) are detailed in Fonseca & Bell (1998) . Briefly, eighteen 50 × 50 m study sites were chosen after examining aerial photographs of seagrass habitat to represent a broad range of seagrass coverage. Seagrass coverage was mapped in each site by examining each of the 2500 contiguous 1 × 1 m quadrats for the presence or absence of seagrass. Quadrats were situated at the intersection of m 2 grids, which were located by systematically moving a 50 m lead line across each site. From the mapping data we calculated 2 measures of landscape structure for each site: seagrass percent cover (fraction of quadrats occupied by seagrass × 100) and total linear edge (number of vegetated quadrat edges adjacent to unvegetated edges). Seagrass shoot density and above-ground biomass were measured from three 25 cm diameter seagrass cores taken randomly in each of three 1 m 2 quadrats randomly placed in seagrass at each site. Seagrass shoots were counted to obtain an estimate of shoot density and then were dried to a constant weight at 80°C to estimate above-ground biomass per m 2 . Grand means then were calculated for each site by averaging core values in each quadrat and then averaging quadrats. Three randomly placed 3 cm diameter sediment cores also were taken in seagrass at each site and, after drying at 105°C, were combusted at 500°C to determine percent organic content. Water depth was measured at every 1 m grid point along every third transect in the mapping survey, and then averaged for each site after correction for tidal height change and expressed as elevation relative to mean sea level.
We used a relative wave exposure index (REI) to estimate physical setting for each site (see Murphey & Fonseca 1995 , Fonseca & Bell 1998 for details). Wind speed and frequency data and effective fetch measurements were used in the following equation:
where i is the i th compass heading (1 to 8 [N, NE, E, etc.] in 45°increments), V is the average monthly maximum wind speed in m s -1 , P is the percent frequency with which wind occurred from the ith direction, and F is the effective fetch (m). Though tidal current speed also was measured, we did not use it in analyses because it was strongly correlated with REI (Fonseca & Bell 1998) .
We used 1 m 2 throw-traps to determine macrofaunal abundance at each site (Bell et al. 1994) . During each collection period, 1 m 2 throw-traps were set at 3 randomly selected seagrass-covered locations within each 50 × 50 m site (3 throw-traps per site × 18 sites per collection period × 4 collection periods = 216 total throw-trap samples). A throw-trap consisted of a 1.0 × 1.0 m sheet metal frame (height 23 cm) attached to a 1.5 m tall mesh collar (1.6 mm mesh), which was riveted around the top of the metal frame. A square segment of 5.8 cm diameter polyvinyl chloride (PVC) pipe was attached to the top of the mesh collar for flotation. Once a throw-trap was in place, environmental data (salinity, current velocity, water and air temperatures, and water depth at the center of each throw-trap), seagrass coverage estimates, and sediment and seagrass core samples were taken from within the trap, and macrofauna then were removed. During 1991, macrofauna were collected using a venturi suction sampler that pumped ~120 l min -1 through a 16 cm hose. Each throw-trap was systematically suctioned for 3 min and material was collected in a 1.6 mm mesh catch sock. Once suctioned, the throw-trap was dip-netted (0.46 × 0.36 m net with 1.6 mm mesh) 10 times and seined (1.5 × 1.0 m seine with 1.6 mm mesh) 3 times to capture any remaining fauna, especially larger fish that avoided the suction sampler. If the water depth within the throw-trap was < 0.25 m, a venturi effect could not be achieved and the suction sampler was not used. Instead, the entire throw-trap volume was dip netted 15 times and then seined 3 times. Because of the excessive amount of labor needed to process suction samples (6 to 12 h sample -1 ) the suction sampling method was discontinued in 1992 in favor of a set menu of 15 dip net Laboratory sample processing consisted of sorting through the collected material for all fish and decapod crustaceans, which were identified to species, enumerated and measured to the nearest 0.1 mm (standard length for fishes, carapace length for shrimp and spineto-spine carapace width for crabs).
Data analysis. Faunal densities and environmental variables: We used a 2-way, fixed-factor ANOVA for each species to test for differences in faunal densities between spring and fall and between 1991 and 1992. Two-way, fixed-factor ANOVAs also were used to test for differences in environmental variables (REI, depth, percent seagrass cover, total linear edge, shoot biomass, shoot density and percent organic matter) between seasons and years. We used Cochran's test to test for heterogeneity of variances for all ANOVAs and used ln(x + 1) transformations to homogenize data when necessary to meet the assumptions of ANOVA (Underwood 1997) . Student-Newman-Keuls (SNK) multiple comparisons were used to test which means differed at p < 0.05 (Underwood 1997) .
Faunal-environmental correlations: We used stepwise multiple linear regression (1 for each collection period: PROC REG in PC SAS 8.01), with a 'P-to-enter' value of 0.05 and a 'P-to-remove' value of 0.10 (Sokal & Rohlf 1981) to test for correlations between macrofaunal densities and environmental variables (Table 1) . We also regressed the total abundance of fauna at each site and the total number of species at each site on environmental variables. Though data on all environmental variables were collected for each site in each collection period, repeated use of sites meant that faunal densities in the 4 collection periods were not independent. We therefore did not pool data across collection periods, as pooling data would violate the regression assumption that data points are obtained from independent samples (Zar 1984 , Underwood 1997 . Additionally, the large differences in faunal densities and seagrass biomass between seasons and years (see 'Results: Faunal densities and environmental variables' below) suggested that pooling all samples would produce an ill fit to the data, and pooling would preclude testing how correlations between faunal densities and environmental variables varied through time. Therefore, we conducted separate multiple regressions for each collection period in order to compare the effects of the environmental variables on species' densities between spring and fall and between 1991 and 1992. Visual examination of residuals revealed that data transformation was not necessary to meet the statistical assumptions for regressions (Chatterjee & Price 1991).
Before conducting full multiple regressions, we used simple linear or quadratic regression models to examine the relationships between the independent variables. We used the residuals from any significant regressions as independent variables in the full analyses (Villard et al. 1999 ). This enabled us to (1) test for independent effects of each variable (i.e. eliminate covariation with other environmental variables), and (2) eliminate multicollinearity caused by correlation between the independent variables, which inflates the variance of the regression coefficients and increases Type II error (Zar 1984 , Johnson & Wichern 1992 . For instance, REI and seagrass percent cover were highly correlated, and we used the residuals from the linear regression as a new independent variable to determine Table 1 . Environmental (i.e. explanatory) variables used in the multiple regression analyses. Explanatory variables were used in the multiple regression model in raw form ('raw') when not correlated with other explanatory variables or as residuals from significant regressions with other explanatory variables ('residual'). REI: relative wave exposure index the effect of seagrass percent cover on faunal density with the effect of energy regime removed (Table 1) .
Faunal and site groupings:
We used principal components analysis (PCA) on the faunal data (PROC FACTOR in PC SAS 8.01) with a varimax rotation to find how species grouped by their densities and to find if sites could be grouped by species' densities. We performed separate PCAs for each collection period. Both species and sites were plotted in principal component (PC) space by their scores and the results were considered graphically (Meng & Powell 1999) .
RESULTS

Faunal densities and environmental variables
Eight decapod species and 4 fish species made up over 95% of the total catch and were included in the final analyses (Table 2) . Eighty-seven percent of the 7094 individuals collected were decapods and 13% were fishes. There generally were strong differences in faunal densities between seasons and years; only mud crab density did not differ significantly between collection periods, due to high variation in mud crab densities between sites in 1991 (Fig. 2) . Differences in faunal densities between collection periods varied greatly between the 12 species. However, there was a trend for faunal densities to be higher in fall than in spring, and higher in 1992 than in 1991, except for pin- Unlike letters above and below bars denote significant differences between means at p < 0.05 as determined by SNK tests fish and pigfish densities, which were higher in spring than in fall in both years (Fig. 2) . The mean density of all species combined was significantly higher in fall than in spring in 1992 but not in 1991, and significantly higher in the fall of 1992 than in the fall of 1991. The mean number of species found at sites was significantly greater in fall than in spring in both years. REI, depth, percent seagrass cover, total linear edge and shoot density did not vary significantly between collection periods (Fig. 3) . However, seagrass shoot biomass was significantly higher in 1992 than in 1991, and percent organic matter was higher in fall than in spring in both years (Fig. 3) .
Faunal-environmental correlations
Generally, there were relatively few significant correlations between faunal species densities and environmental variables (21 out of 56 regressions in which density was significantly correlated with at least 1 independent variable; Tables 3 & 4) . Most significant regressions involved only 1 environmental variable, and no regressions had over 2 significant environmental variables. Relationships between faunal densities and environmental variables varied greatly between species and between collection periods, and speciesspecific correlations between faunal density and environmental variables generally were not consistent between sampling periods. Of the 7 environmental variables tested, REI (10 correlations) and seagrass shoot biomass (8 correlations) appeared to have the greatest influence on species' densities, with REI having more influence on densities in 1991 and shoot biomass having more influence on densities in 1992 (Tables 3 & 4 S ampling year Fig. 3 . Means (± SE) for the 7 environmental variables used as independent variables in the multiple regression analyses for spring (May to June; black colums) and fall (November; gray colums) 1991 and 1992. Unlike letters above bars denote significant differences between means at p < 0.05 as determined by SNK tests. REI: relative wave exposure index when shoot biomass was high. Landscape-scale variables (percent seagrass cover or total seagrass linear edge) were related only to the densities of blue crabs and pinfish and the total number of species in the fall of 1991, or the spring of 1992, and therefore appeared to have relatively little influence on species' densities overall. There were few significant correlations between faunal densities and environmental variables in the spring of 1991 when the overall abundance of fauna was low; only blue crab density (negative correlation with REI and positive correlation with depth), mud crab density (positive correlation with REI) and grass shrimp density (positive correlation with percent organic matter) were related to environmental variables (Table 3 ). In the fall of 1991, densities of green snapping shrimp, darter goby and pinfish, along with total abundance and number of species, were negatively correlated with REI. Both blue crab and arrow shrimp densities were positively correlated with depth, and arrow shrimp density also was positively correlated with percent organic matter. Pinfish density was negatively associated with total linear edge, and the total number of species was positively correlated with seagrass percent cover (Table 3) .
In the spring of 1992, pink shrimp, grass shrimp, bigclawed snapping shrimp and total abundance all were positively correlated with seagrass shoot biomass (Table 4) . Darter goby densities and number of species were negatively correlated with REI, but mud crab density was positively correlated with REI, as it was in the spring of 1991. Blue crab density was positively correlated with seagrass percent cover. In the fall of 1992, grass shrimp, arrow shrimp, total abundance and number of species all were positively correlated with seagrass shoot biomass, and longtail shrimp density was positively correlated with depth (Table 4) .
Principal components analyses
Species groupings
Species' loadings on the first 3 PCs and the amount of standardized variance accounted for by each PC are shown in Fig. 4 . Generally, there was little consistency in species' groupings between collection periods; species that grouped together in one collection period tended not to group together in other collection periods. There was moderate separation between crustacean species and fish species in PC space in the spring of 1991 but very little separation between crustaceans and fishes in the other collection periods.
In the spring of 1991, longtail shrimp, arrow shrimp, pink shrimp and darter goby loaded high on PC1.
These species all were moderately abundant and are associated with the seagrass canopy. Pinfish and pigfish were abundant in the spring of 1991, and both loaded high on PC2, along with total abundance. Green snapping shrimp and mud crabs, both cryptic species, loaded high on PC3. Grass shrimp and bigclawed snapping shrimp loaded high on PC4, and blue crabs loaded high on PC5.
In the fall of 1991, green snapping shrimp, darter goby, pinfish and total abundance all had high loadings on PC1, and all were negatively associated with REI in multiple regressions. Longtail shrimp and blackcheek tonguefish loaded high on PC2, and pink shrimp, big-clawed snapping shrimp and number of species loaded high on PC3. Grass shrimp, arrow shrimp and blue crabs loaded high on PC4, and mud crabs loaded high on PC5.
In the spring of 1992, pinfish, blackcheek tonguefish and number of species had high loadings on PC1, but other fish species (pinfish and pigfish) had low loadings on PC1. Grass shrimp, which were the most abundant species in the spring of 1992, and total abundance had high loadings on PC2, though darter gobies, which were not especially abundant, also loaded high on PC2. Green snapping shrimp and pink shrimp had high loadings on PC3, longtail shrimp and arrow shrimp had high loadings on PC4, and pigfish had high loadings on PC5.
In the fall of 1992, the first PC appeared to separate species by abundance: extremely abundant grass shrimp and longtail shrimp, along with total abundance and arrow shrimp, all had high loadings on PC1. All of these species except longtail shrimp also were positively correlated with seagrass biomass. Blue crabs and blackcheek tonguefish, both of which hide in shallow mud and prey upon small meiofauna as juveniles, and number of species all had high loadings on PC2. Pink shrimp and pinfish, relatively fast swimmers associated with the seagrass canopy, had high loadings on PC3. Cryptic green snapping shrimp and mud crabs loaded high on PC4; these 2 species also grouped together in the spring of 1991. Big-clawed snapping shrimp and darter gobies had high loadings on PC5.
Site groupings
Grouping of sites in PC space by faunal densities is shown in Fig. 5 . There was an obvious separation of sites with higher than average faunal densities from sites with lower than average faunal densities in all 4 collection periods. One or 2 sites with the highest densities loaded very high on PC1, whereas most other sites had low loadings on PC1 in all 4 analyses. High density sites also loaded higher on PC2 than did low density sites, though this pattern was not as apparent in the fall of 1991 as in the other collection periods.
DISCUSSION
Though positive relationships between faunal abundance and structural components of seagrass beds such as shoot biomass and shoot density are common (Heck & Orth 1980 , Lewis & Stoner 1983 , Bell & Westoby 1986 , Attrill et al. 2000 , few studies have measured the effects of large-scale habitat structure (e.g. percent cover, edge, patch size) and energy regime on faunal abundance in seagrass habitats (but see Turner et al. 1999) . Moreover, local-and landscape-scale seagrass habitat structure are strongly related to hydrodynamic activity, and this covariation makes it difficult to determine which processes are chiefly responsible for shaping faunal communities. We statistically removed the confounding among these variables and considered the singular influences of landscape-scale seagrass structure, local-scale seagrass structure and hydrodynamic activity on the abundance of common seagrass fauna in the spring and fall of 1991 and 1992. Table 2 , and numbers in parentheses denote the amount of standardized variance accounted for by each principal component (PC)
Despite our selection of sampling sites that maximized variation in seagrass cover (range of 13 to 100%), we found little influence of landscape-scale habitat features on faunal abundance and large differences between collection periods and between species in the effects of environmental variables on faunal densities. When correlations existed, faunal densities were most strongly related to energy regime and local-scale (<1 m) habitat features.
Environmental effects on fauna
Spatial patterning of habitats at the landscape scale often has strong effects on processes such as predation that influence faunal abundance. High rates of nest predation and parasitism are found in fragmented forests where songbird abundance is reduced (Brittingham & Temple 1983 , Wilcove 1985 , Small & Hunter 1988 , Johnson & Temple 1990 , Andrén 1992 , Robinson et al. 1995 . Landscape structure also may be an important determinant of faunal abundance and survival in marine systems. Bivalve survival was reduced in small seagrass patches (Irlandi 1997) and in areas of low seagrass cover (Irlandi 1994 , Irlandi et al. 1995 in Back Sound, and blue crab survival and density were lowest in seagrass patches of intermediate size in Chesapeake Bay (Hovel & Lipcius 2002) . However, seagrass structural complexity, patch size and percent cover covaried in those studies, making it difficult to single out the influence of structure at any one spatial scale on survival or abundance. Here, we eliminated covariation in seagrass structure at local and landscape scales and found a greater influence of shoot biomass on faunal densities than seagrass percent cover or total linear edge. Moreover, we found that hydrodynamic regime influences the density of a variety of fauna after covarying effects of landscape structure are removed. Irlandi (1997) used artificial seagrass to standardize structural complexity and found no difference in juvenile hard clam survival between patch sizes, and suggested that variation in local-scale habitat structure may be responsible for differences in clam survival between patch sizes. Hovel & Lipcius (2001) also used artificial seagrass to standardize structural complexity among seagrass patch sizes, but found a strong negative influence of patch size on juvenile blue crab survival in Chesapeake Bay. Collectively, these results and those presented herein suggest that (1) a variety of environmental factors may independently influence faunal survival or abundance, (2) there is no overriding influence of any one factor on processes influencing faunal abundance, and (3) the influence of any one factor on fauna may vary greatly through space and time and with species. More studies are needed that examine independent effects of covarying factors on fauna in seagrass habitats to determine whether their influences can be generalized or are primarily species-and context-specific.
The influence of environmental variables on faunal densities differed greatly between seasons and years. In 1991, there was a significant negative influence of REI on the densities of green snapping shrimp, blue crabs, darter gobies and pinfish, in addition to total abundance and number of species. Though mean REI did not vary between seasons or years ( Fig. 3) , hydrodynamic regime had relatively little influence on fauna in 1992. Hydrodynamic setting may influence faunal abundance indirectly by modifying seagrass (e.g. canopy geometry, percent cover, patch size) or sediment characteristics (e.g. sediment organic content and silt-clay; Fonseca & Bell 1998) . However, our results suggest that waves and currents may have directly influenced the density of some crustaceans and fishes, perhaps by influencing feeding rates (Bell et al. 1994) , larval availability and settlement (Bell & Westoby 1986 , Sogard et al. 1987 , Orth 1992 , Worthington et al. 1992 or locomotion (Vogel 1994) . Except for mud crabs, REI had a negative influence on fauna, which suggests that at the landscape scale waves and currents may interfere with feeding and movement. Working in Florida and North Carolina, Bell et al. (1994) suggested that lower copepod (i.e. prey) densities in high energy sites may at least in part have been responsible for lower mean fish density and number of fish species in high-than in low-energy sites. Seagrass shoot biomass strongly influenced shrimp densities in 1992 but was correlated with the density of no species in 1991. Unlike REI, however, mean shoot biomass was significantly higher in 1992 than in 1991 (Fig. 3) . Mean shoot biomass in 1992 therefore may have been above some threshold level at which biomass has a positive effect on the densities of canopydwelling species. High levels of shoot biomass provide more living space for epifauna, thereby increasing faunal abundance and diversity (Stoner 1980 , 1983 , Attrill et al. 2000 . The abundance of small epibenthic and epiphytic organisms that serve as food for macrofauna such as shrimp, crabs and fishes may increase with shoot density or biomass (Orth 1992) . Dense seagrass shoots interfere with predator search and capture of prey (see reviews by Orth et al. 1984 , Heck & Crowder 1991 and thus areas of high structural complexity serve as refuges from predation for many species. Here, shrimp densities were highly correlated with seagrass shoot biomass, but not with shoot density, suggesting that the amount of plant material (and correspondingly the amount of living space and food) has a greater influence on abundance than the number of shoots in a given area (see also Attrill et al. 2000) .
In contrast to our study, seagrass shoot biomass and other patch-scale variables explained little (2 to 4%) of the variation in seagrass faunal abundance, whereas landscape and wave exposure variables explained >60% of the variance in abundance in New Zealand (Turner et al. 1999) . A comparison of these results indicates that the scale dependency of faunal responses to environmental variables may differ greatly between seagrass landscapes. Factors leading to landscapespecific responses may include variation in faunal community structure, variation in seagrass spatial patterning at multiple scales, the degree of exposure to waves and currents, and differences in the scale at which samples are collected.
Of the species we collected, only the commercially important blue crab (Hovel 1999 , Hovel & Lipcius 2001 has been used in previous studies comparing the effects of landscape structure and structural complexity on survival and abundance. Nearly all blue crabs captured in our 1 m 2 throw-traps were juveniles (ca. 5 to 50 mm carapace width), which are vulnerable to larger conspecifics and other predators (Moody 1994 , Hovel & Lipcius 2001 . Blue crab density was positively correlated with seagrass percent cover in the spring of 1992 but never with local-scale habitat characteristics. In contrast, Hovel (1999) found no correlation between juvenile blue crab abundance and seagrass cover in Chesapeake Bay; instead, juvenile blue crab abundance was positively correlated with seagrass shoot density. Though continuous seagrass cover may reduce predation rates on some seagrass fauna (e.g. Irlandi 1994 Irlandi , 1997 , crab survival was lower in continuous seagrass habitat than in fragmented habitat in Chesapeake Bay (Hovel & Lipcius 2001) and in North Carolina (K. A. Hovel unpubl. data) . Relationships between juvenile blue crab abundance and habitat structure therefore are variable and may be difficult to predict.
Though local-scale, landscape-scale and water motion variables all influenced the density of some epifauna in our study, our multiple regression equations accounted for only a moderate amount of the variance in faunal densities in each sampling period (mean r 2 = 0.44, standard deviation [SD] = 0.15). Similarly, the densities of 6 fish species from Florida Bay were correlated with physical factors and aspects of seagrass architecture, but the explanatory power of multiple regressions was relatively low (Sogard et al. 1987) . This low explanatory power may arise simply because seagrass faunal densities are influenced by a variety of covarying processes associated with seagrass structure and energy regime, which also may be operating with varying influence as a function of spatial scale. Hydrodynamic activity, seagrass landscape structure (e.g. canopy geometry, percent cover, patch size), sediment characteristics (e.g. sediment organic content) and elements of seagrass structural complexity such as shoot density and biomass all may influence predation (Orth & van Montfrans 1982 , Orth et al. 1984 , Heck & Crowder 1991 ), competition (Coen et al. 1981 , the amount of habitat available (Attrill et al. 2000) , food availability (Edgar 1990 ) and active selection of habitat (Bell & Westoby 1986 , Sogard 1989 . Moreover, faunalhabitat associations at small spatial scales may not exist over larger scales, perhaps due to patchy distributions of settling larvae (Bell & Westoby 1986 , Sogard et al. 1987 , Worthington et al. 1992 or faunal movement from patch to patch (Sogard 1989) . Therefore, in contrast to many terrestrial landscapes, complex interactions between a variety of processes across several spatial scales may limit the extent to which faunal densities in seagrass habitats are correlated with landscape-scale structure, even if strong relationships exist between structure and key interactions such as predation.
Faunal densities
The mean density of all species except mud crabs varied significantly between seasons or years ( Fig. 2) . Our data indicate that, in general, differences in species' densities between collection periods did not conform to differences in environmental variables. Though percent organic matter and green snapping shrimp, arrow shrimp, big-clawed snapping shrimp, darter goby and tonguefish densities all were higher in the fall than in the spring in both years, the density of none of these species was correlated with percent organic matter in multiple regressions (except for a very weak correlation between arrow shrimp density and percent organic matter in the fall of 1991; Table 3 ). However, seagrass shoot biomass and densities of grass shrimp, arrow shrimp and big-clawed snapping shrimp all were significantly higher in 1992 than in 1991, and the densities of all of these species were influenced by shoot biomass. We speculate that differences in faunal densities between seasons and between years are determined more by pre-settlement factors (e.g. larval abundance and current regimes) or by environmental factors not examined in our study than by the variables we included in our analyses, except perhaps for shoot biomass. Because our sampling spanned only 2 yr, our study is not intended to provide broad generalizations about variation in faunal densities between seasons and between years but instead focuses on differences and consistencies in environmental effects between the 4 collection periods.
Faunal groupings
We used PCA to group both species and sites on the basis of faunal densities. There was little consistency in species groupings between sampling periods, and little separation between crustaceans and fishes (Figs. 4 & 5) . Within individual sampling periods, species sometimes grouped by their association with environmental variables (e.g. REI: fall 1991) or on the basis of abundance (fall 1992). Grouping of sites on the basis of faunal abundance was evident in all 4 sampling periods; sites with high overall faunal abundance were clearly distinguishable from sites with low overall faunal abundance. Sites with high faunal abundance exhibited broad variability in environmental characteristics (e.g. percent cover, shoot density and shoot biomass). However, high abundance sites and low abundance sites generally were geographically distinct; with 1 exception, high abundance sites (black circles in Fig. 1 ) clustered in western Back Sound near Beaufort Inlet. Sites with average to low abundance (black-and-white circles in Fig. 1) were found primarily to the east in Core Sound. These sites are influenced by tidal flow entering the estuary through Barden's Inlet (authors' pers. obs.). We hypothesize that the proximity to and dominance of tidal flow through different inlets may contribute to the geographic differences in fauna, perhaps due to different recruitment patterns. Tidal flow entering through Beaufort Inlet dominates the circulation throughout Back Sound and into southern Core Sound (authors' pers. obs.). This hypothesis implies that processes operating over larger spatial scales than considered here (i.e. kilometers) may play a role in determining faunal abundance. In Rhode Island, juvenile fish habitats grouped according to distance to the ocean and the amount of energy shaping the habitat over scales of several kilometers (Meng & Powell 1999) . Samples taken across several estuaries in New South Wales, Australia, revealed that variation in fish and decapod densities was not explained by seagrass structural complexity but was more consistent with a model of differential larval settlement between sites (Worthington et al. 1992) . Bell & Westoby (1986) also found that seagrass leaf density effects on fauna within individual seagrass patches were not present over larger (i.e. baywide) spatial scales. Salinity and sediment characteristics (Szedlmayer & Able 1996) and circulation patterns (Sogard et al. 1987 ) often vary at baywide scales and may be partly responsible for differences in faunal communities between sites. Here, faunal densities generally were not related to sediment characteristics, and salinity is relatively constant in space and time in our study area (Hettler 1989) . It remains to be determined if these site groupings persist over time and what factors may be chiefly responsible for determining abundance at larger scales, although proximity to inlets seems a logical starting point based on geographic groupings.
Caveats
Caveats to the study involve the fact that we examined links between faunal densities and landscape structure only at 50 m × 50 m scales. Relationships between abundance and landscape structure might have been more robust than reported here if our sampling had been conducted over larger spatial extents. Differences in vagility, size, life history, resource use and vulnerability to predators between species all may influence the scale at which densities are linked to habitat attributes, and different scales therefore may be appropriate for different species. However, faunal densities (small fishes, crabs and shrimp) were linked to habitat attributes at scales used here in previous studies (Bell et al. 1994 , Murphey & Fonseca 1995 . Additionally, we chose to compare the influence of landscape structure, structural complexity and water motion on species densities but did not consider alternative habitat attributes such as food levels (Bell et al. 1994) or predator abundance (Hovel & Lipcius 2001 ) that may influence faunal abundance and composition. Finally, we conducted linear multiple regressions for each species, yet some relationships between faunal abundance and environmental variables may be non-linear (Sogard et al. 1987) . In particular, seagrass shoot density may have a non-linear effect on survival (Orth 1992 ) and therefore faunal densities. We examined the scatterplots of species densities versus seagrass shoot density and found no evidence of non-linear effects. However, it is possible that other faunal-environmental relationships were not detected due to non-linearity.
Implications
Seagrass loss due to decreasing water quality (Orth & Moore 1983 , Dennison et al. 1993 ) and boat damage (Sargent et al. 1995 ) is widespread, prompting many efforts to restore degraded seagrass habitats through shoot transplantation . Forecasting relationships between faunal abundance and aspects of seagrass habitat is crucial because the goal of many habitat restoration efforts is to replenish critical nursery habitat for exploited species. Our results indicate that aspects of habitat structure at the landscape scale may not dictate faunal abundance as commonly as does hydrodynamic activity and structure at small spatial scales (e.g. shoot biomass). Hydrodynamic activity, as measured by exposure to wind waves, also strongly influences the likelihood that planted seagrass will persist ). Thus, our data suggest that it is critical to determine local hydrodynamic regime when planning seagrass restoration projects and that habitat structure at local scales may be a more appropriate measure than structure at landscape scales for determining whether transplanted seagrass habitat is functionally equivalent to natural habitat (Fonseca et al. 1996 .
Our results also indicate that different species or species groups may respond to different aspects of seagrass habitat. For example, juvenile blue crabs were rare in patchy, low-cover seagrass sites in this study, but these same sites of low percent cover support substantial densities of pink shrimp (Murphey & Fonseca 1995) . Similarly, in planted seagrass beds, densities of fishes and shrimps, but not crabs, displayed an asymptotic relationship with seagrass shoot density (Fonseca et al. 1996) . In other seagrass ecosystems, scale dependency also may vary geographically or temporally, as illustrated by the strong effect of landscape structure on macrofaunal abundance in New Zealand (Turner et al. 1999 ) that was not present in our study. Additionally, fish densities likely were influenced by seagrass biomass in North Carolina but not in Florida, where the influence of macroalgal biomass dominated (Bell et al. 1994 ).
In conclusion, high variability in seagrass landscape structure does not necessarily correspond to variability in faunal abundance. Rather, myriad processes operating at a variety of scales may make relationships between fauna and environmental variables complex and difficult to predict. These findings are wholly unlike those of terrestrial ecosystems, where equivalent ranges of landscape structure might be expected to strongly influence faunal abundance and composition (Saunders et al. 1991 , Andrén 1994 .
